Background: Trazodone (TRZ) is a second-generation non-tricyclic antidepressant derived from a triazolopyridine derivative, which is mainly used to treat emotional disorders and conditions related to depressive disorders. Purpose: This study investigated the design, development and characteristics of polyvinyl chloride (PVC) membrane sensors for trazodone HCl (TRZ). Methods: The developed sensing membranes were constructed using β-cyclodextrin (β-CD; sensor 1), γ-cyclodextrin (γ-CD; sensor 2) or 4-tert-butylcalix[8]arene (t-BC8; sensor 3) ionophores as sensing materials in addition to ionic sites and dioctyl phthalate in the PVC matrix. Results: Sensors 1, 2 and 3 displayed fast, stable and near-Nernstian response over a relatively wide trazodone concentration range (7.0×10 −6 -1×10 −3 , 5.0×10 −5 -1×10 −3 and 8.0×10 −6 -1.0×10 −3 M, respectively), with detection limits of 2.2×10 −6 , 1.5×10 −5 and 2.42×10 −6 M, respectively in the pH range of 3.0-6.0. The sensors demonstrated good selectivity for TRZ in the presence of different ionic compounds. The accuracy and precision of the proposed sensors were assessed by the determination of 40.7 μg/ml of TRZ, which showed average recoveries of 99.6%, 99.1% and 98.5% with mean relative standard deviations of 2.4%, 2.5% and 2.6% for sensor 1, 2 and 3 respectively. Molecular modeling was used to calculate the host-guest binding energy. The lowest free binding energy was −6.243, −5.752 and −5.7105 kcal/mol for 1:1 stoichiometry host-guest complexes of trazodone and β-CD, γ-CD and t-BC8, respectively, which was in-line with a Nernstian response.
Introduction
Trazodone (TRZ) is a second-generation non-tricyclic antidepressant derived from a triazolopyridine derivative. 1, 2 Antidepressants affect mood and are mainly used to treat emotional disorders and conditions related to these disorders, 3 by acting as hypnotics and anxiolytics. 4 Trazodone induces selective serotonin uptake inhibition by brain synaptosomes, thus leading to the behavioral changes by the serotonin precursor, 5-hydroxytryptophan. 5 Potential side effects include drowsiness, nausea, vomiting, headache, dry mouth, rashes, itching, and increased joint and muscle pain. The potential side effects and toxicity of TRZ differ significantly from those of early antidepressants and tricyclic antidepressants (TCA S ). 6 Increasing the dose of this medicine may exacerbate its side effects. The importance of this drug in the treatment of such disorders and the severity of associated adverse effects renders its reliable determination very important. Different determination methods have been reported, including spectrophotometry 2, 7 spectrofluorometry, 2, 8 chemiluminescence, 9 voltammetry, [10] [11] [12] high-performance liquid chromatography (HPLC)-ultraviolet detection, 13, 14 HPLC-fluorescence 1, 15 and HPLC-mass spectroscopy (MS). 16 However, these techniques require expensive equipment, time-consuming methods and sometimes reproducibility and derivatization procedures.
The application of potentiometric sensors in pharmaceutical and medicinal analysis 17, 18 has attracted increasing interest, because such sensors offer high sensitivity, reproducibility and low cost. Different potentiometric sensors have been developed for the determination of TRZ using different ion-exchange materials or ion pairs [19] [20] [21] [22] [23] as electroactive materials.
TRZ-tetraphenylborate (TPB) [19] [20] [21] and TRZ-phosphomolybdate (PM) 22 have been reported as ion-pairs for the determination of TRZ. Analytical characterization of these potentiometric sensors based on ion-associates or ion-exchangers is summarized in Table 1 . To build on these developments, the proposed methods aimed to investigate a new material, ionophores as potentiometric sensors for TRZ. The new sensors have better detection limit, long life and higher selectivity compared with the reported sensors based on ion-pairs as sensing material. β-cyclodextrin(β-CD), γ-cyclodextrin (γ-CD) and 4-tert-butylcalix [8] arene (t-BC8) were tested as ionophore sensing materials for the preparation of polyvinyl chloride (PVC) membrane sensors for TRZ.
B-cyclodextrin and γ-CD comprising seven or eight glucose units, respectively, react with many guest molecules to form inclusion complexes. 24, 25 The mechanisms of the investigated sensors depend upon the molecular interactions between the guest (analyte) and the host (cyclodextrins) through hydrogen bonding, electrostatic reactions, Van der Waals forces, dipole-dipole interactions, topical effects and other dispersion forces. 26, 27 The internal dimensions of the host cavities are appropriate to accept TRZ as a guest molecule. Figure 1 shows the chemical structures of the guest, hosts and their tridol structure.
The third tested host, t-BC8, is a cavity-shaped cyclic oligomers comprising phenol parts linked via alkylidene groups. Its reactions depend on many selection factors such as cavity size, conformation, and substitution, which induce various interactions with different compounds and permit many different analytical applications. One of the most important applications is ion-selective membranes and electrodes. 28, 29 The present study investigates for the first time the use of sensors incorporating β-CD, γ-CD, or t-BC8 as ionophores sensing materials in PVC matrices as selective complex for TRZ determination. The suggested sensors were effectively used for assay of TRZ with high selectivity. The investigated methods were more sensitive, accurate, reproducible, and robust relative to previously proposed ion-associated methods. 
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Methods Apparatus
All potentiometric measurements were made at 25±1°C by an "Orion pH/voltmeter (model 330)" using TRZ membrane sensors in conjunction with the Ag/AgCl reference electrode "(Orion model 90-02 double junction)" and the electrolyte was "10% (w/v) KNO 3 ". Adjustments of pH were performed using a combined "Ross glass pH electrode (Orion 81-02)" for all pH measurements.
Reagents and materials
All chemicals used were of analytical reagent grade. Doubly distilled water was used. "Tetrahydrofuran (THF), 2-nitrophenyl octylether (NPOE), dibutyl phthalate (DBP), dioctyl phthalate (DOP)" and "PVC powder of >99%" purity was obtained from the "Sigma-Aldrich chemical company". Trazodone HCl was obtained from the "Sigma-Aldrich Chemical Company", Switzerland. "β-CD, γ-CD, and 4t-BC8 were obtained from BDH Chemical, Ltd". A pharmaceutical preparation containing TRZ HCl "Trittico, 50 mg/tablet" was acquired from a local pharmacy. A stock solution of "0.01-M TRZ was prepared by dissolving the appropriate amount of TRZ in 50 ml of water". Working solutions of TRZ were prepared by suitable dilution of the stock in water to obtained "1×10 M" concentrations. An acetate buffer (pH 3.5) was prepared using a mixture of sodium acetate and acetic acid (0.05M), and the pH was controlled by a glass electrode. 
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Preparation of the TRZ-PVC membrane sensors
Five mg of β-CD, γ-CD, and 4t-BC8 were thoroughly mixed with "5 mg potassium tetrakis(4-chlorophenyl) borate (KTpClPB), 190 mg PVC powder, 350 mg DOP or NPOE, and 5 ml THF in glass Petri dishes (5 cm in diameter)." All components were mixed together and the solvent was allowed to evaporate to generate the membranes. Sections of the membranes were cut using a cork borer and glued using THF solution 30, 31 and then attached to a laboratory-made electrode containing a mixture of TRZ and KCl (0.01 M each). The "Ag/AgCl internal reference electrode was used." The working TRZ electrode was conditioned by insertion in the TRZ solution; it was kept in the same solution during measurements.
Procedure
The TRZ PVC membrane sensors were standardized by inserting the prepared electrodes in conjunction with the reference electrode into a measuring cell containing 10 ml of a TRZ working solution of a specific concentration after the pH was controlled using the acetate buffer at pH 3.5.
For each solution, the potential was recorded after stabilizing. The recorded potential was plotted against the negative logarithm of the TRZ concentration. A straight line was obtained and the resulting curve was used to determine the unknown concentration.
Determination of TRZ in pharmaceutical formulation
Ten Trittico tablets (50 mg TRZ each) were crushed and mixed well in a mortar. Crushed powder equivalent to one tablets (50 mg) from the homogenous mixture was transferred into a 100 ml beaker and then dissolved in water using sonication for approximately 10 min before filtration (using Whatman filter paper). The resulting clear solution was collected in a standard 100 ml volumetric flask and made up with 100 ml water. An appropriate amount of this clear solution was transferred into a 50 ml volumetric flask. The pH was controlled to pH 3 using acetate buffer and made up with water to 50 ml. The concentration of the unknown sample was measured using the sensors from the previously constructed calibration graph of the potential versus -log [TRZ]. The standard addition technique 32 was also used to assay TRZ. For reconstituted TRZ powder, a laboratory tablet form was prepared by adding a mixture of starch, lactose, and magnesium stearate, to 25 mg of trazodone and mixing thoroughly. The concentration of TRZ in the synthetic laboratory tablets was determined using the developed sensors.
Molecular docking studies
To support our experimental results, a molecular docking study for trazodone with β-, γ-cyclodextrin and 4t-BC as ionophores was preferred using Molecular Operating Environment 2015.10 (Chemical Computing Group, Montreal, QC, Canada). The 3D structure of β-cyclodextrin was extracted from the protein complex of alpha-amylase (Protein Data Bank [PDB] code: 1jl8), 33 and γ-cyclodextrin structure was extracted from the protein complex Ecoli Branching Enzyme (Protein Data Bank [PDB] code: 5e70), 34 and the structure 4t-BC was extracted from the cytochrome in complex with sulfonato-calix [8] arene (Protein Data Bank [PDB] code: 6gd8) 35 which was retrieved from the Brookhaven PDB and used as a template for building 4-tert-butylcalix [8] arene which was built by MOE Builder function via substitution of sulfonate groups with the appropriate tert-butyl. MOE Quick Prep protocol was used to add hydrogen and minimize the structure. Trazodone was drawn by MOE; its potential energy was diminished by applying the proper force field using AMBER 10 (University of California, San Francisco, CA, USA). 36 The default docking protocol implemented in MOE was applied. 37 Conformations of the ligand were fitted in the position with the triangle matcher method and ordered with the London ΔG scoring function. The produced positions were ranked as per their docking scores. Finally, we chose the most appropriate energy position." The hosts β-CD, γ-CD, and 4t-BC8 are neutral compounds that can work as cations 30 or anions 31 based on the additives added to the sensing materials. In this investigation, TRZ is considered a cationic additive. Therefore, KTpClPB as an anion excluder was added to the membrane composition, creating ionic sites in the PVC matrices. Thus, the ionic additives affect the behavior of the host, which works as a cation carrier. They also improve the sensor response to the analyte, yielding near-Nernstian behavior and improved selectivity.
Results and discussion
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Analytical characteristics
The analytical characterization of the potentiometric method for the determination of TRZ using β-CD, γ-CD or 4t-BC8 an ionophores in a sensing membrane was carried out according to IUPAC guidelines. 39 The results are presented in Table 2 comprising the analytical parameters of the proposed methods. The calibration graph equation is extracted from the plot as follows:
Where E is the potential in millivolts, S is the slope of the sensor (58.5±0.5, 55.0±0.5, and 51.5±0.5 mV) for β-CD, γ-CD or 4t-BC8, respectively), and the y-axis intercept is (111.6±0.5, −1818±0.5 and 71.6±0.5) (representing the standard electrode potential, E o ) for β-CD, γ-CD and 4t-BC8, respectively).
Effect of plasticizers
The trazodone PVC membrane sensors using β-CD, γ-CD, or 4t-BC ionophores were tested in different plasticizer to examine and characterize the behaviors of the modified membranes. The three ionophores were examined as possible electroactive materials for the construction of PVC membrane sensors with three plasticizers of DBP, DOP, and NPOE to generate different membranes. The plasticizer assists in creating a homogeneous membrane, which facilitates the transport of ions through the membrane. Sensors of β-CD, γ-CD, or t-BC8 were tested in combination with different plasticizers. DOP and NPOE showed suitable mediating properties for the construction of membranes using all tested ionophores; however, the solubility of the ionophore using DBP was minimal, and therefore DBP was excluded from further tests. Sensing membranes using DOP and o-NPOE both showed suitable sensing behaviors. Therefore, for the rest of this investigation, either DOP or NPOE is used as a plasticizer.
Working pH and the response period
The suggested TRZ sensors were tested in TRZ solutions with different pH ranges. Two different concentrations (tenfold difference) were assessed and the potential was monitored in different pH ranges, then plotted the potential versus pH. The pH profiles of the proposed TRZ sensors are presented in Figure 2 . As presented in Figure 2 the slopes were 58.5±0.5, 55.0±0.5, and 51.5±0.5 mV for β-CD, γ-CD and 4t-BC8, respectively, in the pH range from 3.0 to 6.0. At higher pH more than 6 (pKa 6.74), 40 the concentration of the protonated species of TRZ increases and therefore its potential decreases. The response times 39 of the TRZ sensors were estimated by measuring the potential stabilization over time for sensor use periods reaching one month. As shown in Figure 3 , the response time was stable at 25s after transfer of the electrode between two TRZ solutions with concentrations differing by tenfold. The response time for the concentration of ≥1×10 −4 M was ≤25 s; for concentrations ≤1×10 −5 M, the response time increases to approximately 35 s. The results show good reproducibility and lifetimes exceeded one month, during which the proposed sensors show highly reproducible responses. Thus, the reproducibility of the membrane was effective. 
Effect of interfering ions
According to IUPAC guidelines, the effects of interfering ions and molecules were studied using the separate-solution and mixed-solution method. 39, 41 The effect of interference was expressed as the selectivity coefficient K Using the separate-solution method, the selectivity coefficients were calculated according to the equation:
Where E A and E B are the potentials of the proposed sensors after stabilizing,~30 s after stabilizing into solutions containing equal concentrations of TRZ and the interfering species, respectively. a A and a B are the activities of TRZ and the tested species, while Z A and Z B are the charges of trazodone and the tested species, respectively. The selectivity coefficient measured using the mixed-solution method was estimated according to the following equation:
Where a`A is the known concentration of TRZ added to an unknown concentration a A . The change in potential (ΔE) was recorded. Another test experiment used a solution with the known concentration A B of the interfering ion was added to a fixed concentration of TRZ until the same potential from the first experiment was reached. The values of the selectivity coefficient are listed in Table 3 .
The low values indicate that the proposed method is relatively unaffected by interfering species.
Validation of sensors assays Limit of quantification and detection
According to the Nernstian equation, the relationship between concentration and potential is logarithmic:
Where E is the potential and S is the slope of the calibration curve; r 2 is the coefficient of regression and the intercept "represents the standard electrode potential, E o . Each measurement was repeated five times and the average potential was plotted versus concentration. The analytical parameters of the TRZ sensors are listed in Table 2 . The calibration ranges of the TRZ sensors show linearity over the ranges of 7×10 , and 8×10 −6 -1×10 −3 M for β-CD, γ-CD, and t-BC8, respectively, in the pH range of 3-6. According to the IUPAC guidelines, the lower limits of detection (LOD), determined as the concentrations corresponding to the x-intercepts of the extrapolated linear segments of the calibration 
Accuracy and precision
The accuracy and precision of the TRZ sensors were determined by assessing the repeatability of measuring 40.7 µg/ml of TRZ five times during the same day (intraday) and on different days (interday). The accuracy and precision are expressed as the recovery percentage and relative standard deviation of the measured concentration.
The results obtained are listed in Table 4 ; the accuracy exceeded 97.6% and 96.9% for the intraday and interday measurements. The precision was 2.5% and 3.1% for intraday and interday measurements.
Ruggedness
The investigated sensors were examined by analysing TRZ by different analysts and different instruments. 42 The precision was high with RSD of less than 3.1% for repeated measurements throughout one day and on three different days. The analysis data indicates that the investigated materials produce results with high reproducibility.
Determination of pharmaceutically formulated TRZ
To apply the proposed method for the determination of TRZ in pharmaceutical formulations, the suggested methods were tested for the determination of TRZ in solution. The accuracy and precision of the investigated sensors were assessed. The assay of TRZ in solution was examined using TRZ sensors of β-CD, γ-CD, and 4t-BC8. The determination of 3.25-407.4 μg/ml of TRZ in solution (in five replicated experiments) by the potentiometric method showed high recoveries and precision values, as presented in Table 5 . The recoveries (n=5) ranged from 97.5% to 99.0% with RSD% values of 1.9% -3.2% for the proposed sensors.
The analysis results of TRZ in pharmaceutical Trittico tablets using the proposed TRZ sensors are shown in Table 6 . The analysis of TRZ synthetic sample by the proposed methods showed an average recovery of 98.5%, 98.0% and 98.0% using β -CD, γ-CD and 4t-BC8, respectively compared with the USP method, which showed an average recovery 97.0%. On the other hand, the relative standard deviation was 2.5%, 2.7%, 2.8%, respectively compared with 2.7% for USP method. The analysis of TRZ in Trittico tables by the proposed method showed an average recovery 98% compared with 98% for the USP method with % RSD value of 2.3%, 2.6% and 2.6% compared with USP method of 2.5%. Therefore, these results showed good agreement with data from the standard US Pharmacopeia method 43 
Molecular docking studies
The main benefit of implementing molecular modelling computations is to provide discriminant of the orientation and interaction of the drug/guest molecule with β-, γ-CD, and t-BC8 cavities, which may assist with experimental feedbacks. 44 In this study, we conducted docking studies to suggest the possible interaction between trazodone and β-CD, γ-CD and t-BC8 cavity. Our investigation indicates that trazodone interacts with β-CD, γ-CD, and 4t-BC8 in a 1:1 molar ratio. This finding is agreement with the potentiometric response of the investigated sensors, which indicated a monovalent Nernstian response. The binding energies were −6.243, −5.752 and −5.7105 kcal/mol with β-CD, γ-CD, and t-BC8, respectively (Figure 4) . These results agree with the potentiometric response of the investigated sensors which were 58.5mV, 55.0 mV and 51.5 mV per decade over the calibration range of the proposed sensors. Figure 4 reveals that the binding is stronger in the case of β-CD compared to γ-CD and t-BC8 which are more favorable due to the hydrophobic properties of cyclodextrin and t-BC8 pocket. This hydrophobic pocket provides a more stable complex when it sandwiches the hydrophobic and water-insoluble trazodone molecule. 45 Optimal docking of TRZ:β-CD, γ-CD and t-BC8 complexes ( Figure 4 ) revealed the binding affinity and Van der Waals force interaction within the inclusion-complex.
Conclusion
Experimental evaluation of three ionophores sensing materials, β-CD, γ-CD and t-BC8, showed favorable characteristics to be used as TRZ sensors. The developed sensor membranes using these ionophores were of higher Interaction VDW Molecular surface γ-CD 4t-BC8 β-CD Figure 4 The most stable complex of trazodone with β-, γ-CD and 4t-BC8 through their cavities.
sensitivity, precision, and sensitivity compared to previously reported methods using ion pairs as electroactive materials. The optimum pH range was 3-6 representing a reasonable efficiency with fast response times of~30 s or less. The calibration ranges for β-CD and 4t-BC8 were much wider than γ-CD. The determinations of TRZ in both bulk and dosage form showed high accuracy and precision. The quantification of TRZ by the current methods was in good agreement with standard US Pharmacopeia method. The interaction between the host (trazodone) and guest (β-CD, γ-CD and t-BC8) was assessed by molecular modelling. Optimal docking of TRZ:β-CD, γ-CD and t-BC8 complexes revealed binding affinity and Van der Waals force interactions within the inclusion-complexes.
